We describe a method for sequencing full-length 16S rRNA gene amplicons using the high 14 throughput Illumina MiSeq platform. The resulting sequences have about 100-fold higher accuracy 15 than standard Illumina reads and are chimera filtered using information from a single molecule dual 16 tagging scheme that boosts the signal available for chimera detection. We demonstrate that the data 17 provides fine scale phylogenetic resolution not available from Illumina amplicon methods targeting 18 smaller variable regions of the 16S rRNA gene. 19 20 Software automating the process of sample demultiplexing, barcode clustering, and amplicon 126 assembly is available from http://github.com/koadman/longas (to be made public). 127
INTRODUCTION 21
Amplifying and sequencing 16S rRNA genes from microbial communities has become a standard 22 technique to survey and compare communities across space, time and environments. High-23 throughput sequencing methods have made bacterial community profiling routine and affordable, 24 but at the expense of read length, with most platforms covering 250 to 600 bp of the ~1500 bp 16S 25 rRNA gene. Depending on the region sequenced, these shorter fragments give variable taxonomic 26 and phylogenetic resolution 1-3 and fails to resolve differences outside the targeted region, which 27 may be ecologically relevant 4-6 . 28 29 Interpretation of 16S amplicon sequencing data is confounded by PCR and sequencing artefacts 30 including chimeras, biased amplification and sequencing errors. Some of these artefacts can be 31 removed computationally 7 , but nevertheless lead to errors that artificially inflate diversity 32 estimates 8-10 and mislead analysis. 33
34

RESULTS
35
We present a method to sequence full-length 16S amplicons using Illumina technology. The 36 technique incorporates randomized molecular tags on both ends of individual 16S template 37 molecules prior to PCR amplification. Copies of the templates are fragmented and sequenced and 38 the dual tag information is used to accurately re-assemble full length 16S gene sequences. In 39 addition to generating longer sequences, this method offers large reductions in base calling errors, 40 reduced amplification bias 11 (see Supplementary materials), and a molecular signal supporting the 41 identification and removal of artefacts generated by in-vitro recombination (chimeras). We 42 evaluate this method by application to the skin microbiome and demonstrate improved phylogenetic 43 resolution relative to short read sequencing of the V4 or the V1-4 regions. An overview of the 44 method is shown in Figure 1 . 45 regions, rather than sequencing of the whole gene, have incorporated tags at only one end of the 48 amplicon 8 , or tags too short 10 to permit the assembly and chimera filtering techniques proposed 49 here. We tagged full-length individual 16S rRNA gene template molecules with unique molecular 50 tags at both ends ( Figure 1a ) in DNA samples from foot skin swabs. This was achieved through 51 primers incorporating a randomized 10 nucleotide sequence in addition to the gene priming region, 52 sample specific barcodes, and adapters for Illumina sequencing ( Figure S1 ). Tagged 16S rRNA 53 gene templates were then amplified via PCR to give a mixed pool of 16S amplicons, where those 54 molecules with the same combination of unique tags at either end were highly likely to have 55 originated from the same template. The 10 base pair random sequence allows for 4 10 1 million 56 possible unique tags at each end of the tagged molecules, and ~ 1 trillion unique tag combinations. The 100-fold reduction in average error rate resulted from the increased depth of coverage of 93 individual 16S molecules (Figure 2a-b) . 94
95
Taxonomic assignments were compared between the V4 sequncing data and the V4 region of the 96 full length data (long V4 ), to exclude differences in taxonomic assignment due to sequence length. 97
Sequences were analysed using QIIME 15 for OTU clustering and taxonomic assignment (see 98
Supplementary methods). Similar taxonomic assignments were obtained at broad taxonomic 99 classification levels (Phylum and Genus, Figure 2c ) for both the V4 and long V4 sequences. 100
101
In order to evaluate how the new protocol influences phylogenetic resolution, we compared 102 phylogenies constructed from sequences greater than 1300 bp to those constructed from the V4 103 (long V4 ) and V1-V4 (long V1-4 ) regions of the same data set. Phylogenies on full-length sequences 104 were better resolved (2954 of a possible 3179 branches compared to 2686 for the V1-V4 region, 105
and 2114 for the V4 region) with stronger support ( Figure S5 ). While molecular tagging has 106 previously been demonstrated to eliminate false microdiversity 8,10 , our data indicates it can also 107 capture additional true microdiversity when applied to longer amplicons. 
